A new force field is developed for the in-plane vibrations of condensed aromatics using pyrene as a test molecule. Only five parameters are employed in this force field, which improves a fourparameter approximation previously investigated. Still the simple five-parameter approximation gives calculated vibrational frequencies in good agreement with those from the more elaborate Califano-Neto force field.
Introduction
Conjugated systems in organic chemistry have attracted the interest of many investigators. In the previous parts of this series [1, 2] we have described an extremely simple method of normal coordinate analysis for such systems which gives calculated frequencies in reasonably good agreement with experiment but fails badly when applied to benzene. Since the molecular vibrations of pyrene have been investigated both experimentally [3, 4] and theoretically [4, 5] , w r e have chosen the pyrene molecule ( Fig. 1) as a test molecule for a critical review of the simple approximate method [1] . The in-plane and out-of-plane vibrations of this molecule, as well as the other condensed aromatics, are often treated separately. In the present paper we consider only the in-plane force field, but a complete set of symmetry coordinates (both in-plane and out-of-plane) is described.
The approximation previously developed [1] employs seven parameters of fixed values in the potential function, but a modification of one of these parameters, viz. the CC stretching force constant, is suggested in a prescribed manner. These seven values were used to calculate a multitude of vibrational frequencies, e.g. 48 in naphthalene (CioHg), 72 in pyrene (CIÖHIO), 90 in perylene (C20H12) and 68 in coronene (C24H12). Only four of the parameters pertain to the in-plane vibrations.
On the other hand one has the well known approach of normal coordinate analysis for aromatics due to Califano and Neto with collaborators [5] [6] [7] [8] , who exclusively treated the in-plane modes. In the following it is referred to as the method of Califano-Neto. In this method 34 in-plane force constants are produced by a subtle theory starting with fewer parameters. It is based on a theory by Scherer et al. [9, 10] , which takes into account the Kekule structures of an aromatic molecule. The force field was successfully applied to different molecules including pyrene [5] . In principle the method of Califano-Neto is simple to use, but when applied to relatively large molecules becomes rather complex in comparison with the simple sevenparameter method.
A part of the purpose of the present work is to see how much is gained by the Califano-Neto method by the increased complexity when compared to the seven-parameter method. In general one can not doubt the superiority of the more complex method for predicting vibrational frequencies. Although the seven-parameter method seems too crude to serve as a reliable aid in making vibrational assignments, it is surprising how well the general picture of the vibrational assignment and a qualitative agreement with observed frequencies is achieved from such a simple method. Another aim of the present work is to produce a modification and possible slight extension of the simple method of approximation in order to improve it without going as fas as Califano-Neto in the complexity. Computed mean amplitudes of vibration [11] are studied in particular in order to investigate the possible usefulness of the simple approximations for this purpose.
Finally we are reporting new experimental Raman and infrared vibrational frequencies for pyrene.
The Hiickel Molecular Orbital (HMO) 3Iodel
The molecular orbitals formed from the carbon atomic orbitals in pyrene according to the HMO Figure 2 .
symmetry D>h. A partial opening of the structure is indicated.
Also the coefficients combining the Hiickel molecular orbitals with the sixteen atomic orbitals were all determined. The whole set is too voluminous to be reproduced here. These coefficients were used to calculate the bond orders of the CC distance, P, defined in the usual way [12] as numbers between 0 and 1; cf. Table 2 . Figure 1 . b Reference [13] .
Molecular Structure
A planar structure of symmetry D2h was assumed for the pyrene molecule; see Figs. 1 and 2. The structural data were taken from the x-ray work of Camerman et al. [13] with only small modifications to conform exactly with the adopted symmetry. Only a = 1.382 Ä and d= 1.325 Ä deviate slightly from the measured bond lengths corrected for rotational oscillations [13] quoted in Table 2 . All CH distances were assumed to be 1.08 A. All bond angles are approximately 120°, none of them deviating more than 2° from this value. Table 2 shows the calculated bond orders (P) and CC bond lengths obtained from the P values in the same way as was done for the condensed aromatics previously treated [1] . The agreement with the observed bond distances is satisfactory. A very similar analysis is contained in the crystallographic work [13] , where the shortest CC distance (1.320 A) is discussed in particular.
Symmetry Coordinates
The normal modes of vibration for pyrene are distributed among the symmetry species of the D2h group according to r= 13A g + 4B lg + 7B 2g + 12B 3g + 5A U + 12B iu + 12B 2u + 7B 3u .
Some of the species designations vary with different orientations of the cartesian axes. We have chosen x to be perpendicular to the molecular plane while z goes through four atoms and the bond f (see Figure 1 ). Figure 2 shows the numbering of atoms and also indicates the "opening" of the structure by neglecting two of the bonds (dotted lines in Figure 2 ). The "opened" structure has, of course, no physical reality, but is simply a useful aid for identifying redundancies among the coordinates. Let the c type stretchings be identified by Ci(l-5), c 2 (2-6), C3(3-7) and c 4 (4) (5) (6) (7) (8) . Then the appropriate combinations in the different symmetry species read:
Altogether an independent set of in-plane symmetry coordinates was obtained by taking the appropriate combinations of selected valence coordinates as specified below. The first column in Table 3 shows the in-plane vibrational frequencies of pyrene calculated by the seven-parameter approximation (4 parameters in the plane). This very simple force field approximation was described and applied to other aromatic molecules previously [1] . The present version uses the refinement of CC stretching force constants obtained in the prescribed way from the reference value of 4.7mdyne/Ä; the resulting values are included in Table 2 .
Many modifications of the simple approximation method were tried. In general no substantial improvement of the calculated frequencies was 3030  3030  3045  3020  3020  3040  3040  3039 w  1646  1603  1571  1613  1587  1528  1585  1584 w, sh  1433  1482  1445  1432  1462  1449  1468  1462 w  1358  1409  1412  1418  1417  1417  1449  1446 w  1228  1206  1242  1255  1234  1242  1242  1241 m  1025  1040  1072  1074  1067  1094  1095  1095 w  889  908  1007  982  1024  1002  1064  1062 w  826  821  835  767  849  820 obtained without adding considerable complexity to the force field. The introduction of a few interaction force constants (one stretch-stretch and one stretch-bend) did not give an appreciable improvement. The final version of our force constant matrix based on internal coordinates (without interaction terms) had the following elements: (i) The CC stretching force constants are maintained as previously (cf. Reference [1] and Table 2 ). (ii) Also the CH stretching force constants are 5.0 mdyne/Ä as before, (iii) / a = 0.7 mdyne/A (equal to the previous value) is used only for the CCC bendings where an H atom is attached to the central C. (iv) fß = 0A mdyne/Ä is introduced for the three bendings where three CC bonds meet. Hence also outer CCC bendings are included ; in pyrene they are of the type 1-5-9; cf. Table 3 shows the calculated frequencies for pyrene with this simple fiveparameter in-plane force field. The most significant improvement on comparing with the results of the first column (Table 3) is the lowering of the frequencies around 1750 cm -1 in species A g and B3 g .
For the sake of comparison we have also performed a normal coordinate analysis for the in-plane vibrations following the Califano-Neto method [5 -8] . We did not hope to reproduce exactly the calculated frequencies of Neto et al. [5] for pyrene because the authors do not report all details of their force field. In contrast to their elaborate treatment of stretching and stretch-stretch interaction force constants they do not seem to take much interest in the bendings. Most of the bend-bend and stretchbend interactions not mentioned in the cited work [5] we simply set equal to zero. Furthermore we used the transferred rather than adjusted CH stretching force constant. Table 3 shows the very good correspondence between our calculated frequencies according to the method of Califano-Neto and the original ones of Neto et al. [5J. Also included is a set of frequencies computed by Bree et al. [4] , Neither of these authors claim to have reproduced exactly the calculated frequencies of Neto et al. [5] , but report to have used a version of the CalifanoNeto method.
Experimental Frequencies
In the course of a systematic experimental study of condensed aromatics we have re-investigated the infrared and Raman spectra of pyrene among many other molecules.
The infrared spectra were recorded on a Perkin Elmer model 225 spectrometer (4000 -200 cm-1 ) and on a Bruker model 114 C fast scan Fourier transform spectrometer (800-40 cm-1 ). Pyrene was studied as a melt (at approximately 160 °C) and as a polycrystalline film (ambient temperature) between KBr windows. Furthermore, infrared spectra of pyrene as Nujol mull, as pellets in KBr, KI and polyethylene were recorded.
Raman spectra of polycrystalline pyrene were recorded on a modified [15] Cary 81 spectrometer, excited by an argon ion laser (CRL model 52 G) at 90°. The background fluorescence was reduced when pyrene was sublimed in vacuo immediately before use. Table 3 includes a proposed assignment for the fundamentals. The spectra are not discussed in detail since no substantially new features were observed in addition to the previously reported experimental assignments [3, 4, 14] .
Force Constants and Compliant^
In our method of computation we start with a diagonal force-constant matrix, say f. in terms of the valence coordinates including all redundancies. In the present case of pyrene it contains the 19 CC stretchings, 10 CH stretchings, 10 CCC bendings of the a type and 18 of the ß type, and finally the 20 CCH bendings. This matrix contains the five different parameters along its main diagonal. The next step, before solving the vibrational secular equation [11. 16] is to convert f into a symmetrized force-constant matrix F. This step is conveniently executed by means of the T matrix method [17, 18] . A given harmonic force field is not uniquely represented by a matrix f if redundancies are present. A unique representation is, on the other hand, rendered by means of F because the symmetry coordinates (see above) are all independent.
In the five-parameter approximation the typical CC stretching parameters have values around 4.7 mdyne/Ä (weighted average for pyrene: 4.61 mdyne/Ä). In the Califano-Neto method one starts with CC stretchings from 5.42 to 6.55 mdyne/Ä in pyrene (weighted average: 6.13 mdyne/Ä). The numerical values of this example may seem to be controversial, but that is not necessarily so. The two force fields need not be drastically different because of this apparent numerical inconsistency. The values should rather be considered as an illustration why one should not speak about CC stretching force constants in aromatic systems at all as if they were independent physical quantities.
If the Califano-Neto force field is expressed in terms of a symmetry F matrix based on the same symmetry coordinates as were used in the f to F transformation, one obtains a sound basis for a comparison of the two force fields. We have also performed this transformation and found a strikingly similar pattern of the two F matrices. For the sake of brevity the complete, large dimension matrices are not reproduced here; the point is sufficiently illustrated by showing only the first block (A g ). In Table 4 (five-parameter approximation) and Table 5 (Califano-Neto method) the corresponding matrix elements may be individually compared.
Furthermore, the force constants in Tables 4  and 5 are anomalously large because they compensate for the removal of redundancies when going from f to F. The same phenomenon has been observed in other linked systems, especially of the cage form [17] , and is extremely pronounced in the multicage system of a hetero polyanion recently studied [19] .
The compliants [11, 20] are known to have physical significance even as isolated quantities unlike the force constants. Consequently one can speak of a compliance for a given CC stretching in a condensed aromatic. Tables 6 and 7 are the A g blocks of the symmetrical compliance matrices from the two approximation methods. They are simply the inverses of the blocks in Tables 4 and 5 
Mean Amplitudes of Vibration
The mean amplitudes of vibration, I [11] , are important quantities for characterizing non-rigid molecular structures. They are obtainable from the interpretation of gas electron diffraction experiments [21, 22] mation of small harmonic vibrations [16] the mean amplitudes of planar molecules are independent of the out-of-plane vibrations.
We have computed the mean amplitudes of vibration for pyrene from the three approximate force fields under consideration, viz. those of the simple methods with (a) four, (b) five in-plane parameters, and (c) the Califano-Neto method. All these magnitudes were computed at the temperatures of absolute zero and 298 K. For the sake of brevity only the latter ones are discussed in the following. Table 8 shows the calculated mean amplitudes for the bonded distances. The three methods of approximation are seen to give almost identical results, i.e. the differences are in all but one case about 0.001 Ä or less.
Bonded Distances

Nonbonded CC Distances
The calculated mean amplitudes for all the 31 types of nonbonded CC distances are shown in Table 9 . All these types are indicated on Fig. 3 and classified into 10 main groups. Small differences are Fig. 1 . ** For numbering of the atoms; see Fig. 2 . a Four-parameter approximation [1] . b Five-parameter approximation (see the text). c Califano-Neto method. Figure 3 . b Calculated interatomic distances from the applied structural parameters; A units. Nonbonded CH Distances Table 10 shows the calculated mean amplitudes for the 39 types of nonbonded CH distances. Only the results from the five-parameter approximation (b) and the Califano-Neto method (c) are included. The 39 CH distances have been collected into 15 main groups; see Figure 4 . Very good agreement is found for the results from the two approximations: in 21 out of the 39 cases the differences are 0.001 Ä or less, in 15 cases 0.002 A or less, while the largest discrepancies (3 cases) are about 0.003 A.
The HH Distances (Nonbonded)
Calculated mean amplitudes for the 15 types of HH distances are shown in Table 11 . For the sake of brevity only the results from the Califano-Neto Tables 8 and 9 . a See Figure 4 .
method are given. On comparing with the results from the five-parameter approximation again a very good agreement was found: most of the differences are below 0.002 A, the largest one being about 0.003 A.
Conclusion
In conclusion it is found that the simple approximate methods, and in particular the five-parameter approximation developed in the present work, give very good calculated mean amplitudes of vibration, within about 0.004 A (in most cases appreciably less) when compared to the more elaborate CalifanoNeto method. The approximate mean amplitudes obtained in this way are undoubtedly accurate enough to be useful in the interpretations of modern gas electron diffraction measurements.
Benzene
In the first paper of this series [1] the failure of the simple approximation with four in-plane parameters was pointed out when applied to benzene. When the five-parameter approximation is employed to benzene an over-all improvement of the calculated frequencies is achieved. Table 12 shows the calculated frequencies according to this approximation along with the results from the Califano-Neto method. The latter set stems from our recalculation, which agrees satisfactorily with the original data of Neto et al. [7] . Nevertheless there are still some serious discrepancies in the frequencies obtained by the two methods, the largest one occurring for the lowest Ai g frequency.
In spite of the substantial inaccuracies in the calculated frequencies it may be concluded that the mean amplitudes of vibration from the fiveparameter approximation are very good for benzene. On comparing with the results from the CalifanoNeto method all differences at 298 K are found to be less than 0.002 A (see Table 13 ). A set of mean amplitudes for benzene from a rigorous calculation [11] are included in Table 13 . These values were obtained on adjusting the force field accurately to a set of experimental frequencies. The rigorous values are seen to be in good agreement with both sets of the present calculations; it can actually not be concluded with certainty which one of the two present methods is best. It does appear, however, that the simple five-parameter approximation is as good as the Califano-Neto method for the purpose of computing the mean amplitudes of vibration.
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